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PREFACE

This Water-Resources Investigation Report is the latest of a series of reports that address dynamics of
phosphorus transport through the stream and wetland system that constitutes the primary surface-water inflow to
Delavan Lake, southeastern Wisconsin. Since 1992, the U.S. Geological Survey studies in this area have included
monitoring at fixed sites to characterize inflows and outflows of different components of the system, as well as
experimental work to examine processes that are involved in phosphorus retention and transport. This report
presents results from an experimental study (mesocosm experiments) and compares them with field data. An
overview of some of the monitoring results and mass balance calculations is included herein; however, further
details of the field monitoring work are available in earlier reports (Elder and Goddard, 1996; Goddard and Elder,

1997; and Robertson and others, 1996), which are cited at the end of this report.
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CONVERSION FACTORS AND ABBREVIATED WATER-QUALITY UNITS

Multiply By To obtain
millimeter (mm) 0.03937 inch
centimeter (cm) 3937 inch
meter (m) 3.281 foot
kilometer (km) 6214 mile
meter per kilometer (m/km) 5.280 foot per mile
square centimeter (cmz) .1550 square inch
square meter (m?) .0929 square foot
hectare 2.471 acre
square kilometer (km?) .3861 square mile
centimeter per hour (cm/hr) .3937 inches per hour
meter per second (m/s) 3.281 feet per second
cubic meter per second (m3/s) 35.31 cubic foot per second
liter per hour per square meter (L/hr/m?) .02953 cubic foot/hour/square yard
liter (L) .03532 cubic foot

Temperature in degrees Celsius ("C) can be converted to degrees Fahrenheit ('F) by use of the following equation:
‘F=18(°C) + 32.

Abbreviated water-quality units: Chemical concentration given in milligrams per liter (mg/L) or micrograms per liter (ug/L). Milli-
grams per liter is a unit expressing the concentration of chemical constituents in solution as weight (milligrams) of solute per unit volume
(liter) of water. Specific conductance of water is expressed in microsiemens per centimeter at 25 degrees Celsius (uS/cm). This unit is
equivalent to micromhos per centimeter at 25 degrees Celsius (umho/cm), formerly used by the U.S. Geological Survey. The abbreviation
“pH” represents the negative base 10 logarithm of hydrogen ion activity in moles per liter.
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Mesocosm Experiments to Assess Factors Affecting
Phosphorus Retention and Release in an Extended

Wisconsin Wetland

By John F. Elder, Bart J. Manion, and Gerald L. Goddard

Abstract

Phosphorus retention by wetland sediments
and vegetation was investigated in Jackson Creek
wetland, an extension of an existing prairie marsh
in southeastern Wisconsin. The extended wetland
construction was undertaken in 1992-93 to help
reduce the phosphorus loading to a downstream
eutrophic lake. Two approaches were used to study
potential and actual phosphorus retention in the
system. Mesocosm experiments of 20-40 days
duration indicated that retention of total and dis-
solved reactive phosphorus in mesocosm cells
containing macrophytes and/or sediments was
reduced by factors of 2-20 relative to cells contain-
ing only water or a copper algicide to suppress
metabolic activity. In contrast to the nutrient trap-
ping function, these results show a potential for net
phosphorus release that can be associated with
increased biological richness. Measurements of
water flow and nutrient loads at the wetland's
inflow and outflow points demonstrated 9-39% net
uptake of phosphorus on an annual scale but fre-
quent occurrences of net phosphorus release over
shorter (one-month) time scales. These episodes of
release are most likely during the summer months.
Thus, the wetland role in phosphorus cycling is not
one of a true source or sink, although the annual
budget data alone suggest substantial net retention.
Effective management of the wetland for its nutri-
ent trapping potential can be hindered by this over-
simplification. The system is instead subject to
relatively short-term alternation between net
import and export. The periodic phosphorus
export, although representing a small fraction of
net annual import, could be critical for growth of
macrophyte and algal communities downstream.

INTRODUCTION

One of the commonly known values of wetlands
is their capacity to function as sinks or traps for nutri-
ents (Boyt and others, 1977, Brown, 1985; Puckett and
others, 1993; National Research Council, 1995). This
function can be particularly valuable for wetlands
located within drainage areas of lakes that are subject
to eutrophication due to excessive nutrient inflow, and
it has led to numerous wetland construction projects
primarily for the purpose of water-quality improve-
ment (Hammer and Bastian, 1989; Moshiri, 1993;
Kadlec and Knight, 1996).

In contrast to their nutrient-trap function, wet-
lands can also periodically release nutrients, and under
certain conditions, retention can be exceeded by nutri-
ent release (Richardson, 1985, 1988; Gehrels and
Mulamoottil, 1989; Van der Linden, 1989). Informa-
tion from studies of a variety of wetland systems
clearly indicates that wetlands have diverse effects on
constituent transport, depending on hydrologic, chem-
ical, and biological properties and the successional
stage of the system. If a wetland is constructed and
expected to function as a water-purification system,
effective management for this purpose can be facili-
tated by awareness of the complexity and natural vari-
ability of the system.

Because of its critical role in limitation of algal
growth in lakes, phosphorus is often the primary target
element of nutrient removal systems. Phosphorus
sequestration in wetlands is dependent on processes
associated with the sediments and biota of the system.
Such processes include: (1) uptake by rooted vegeta-
tion (Brinson and others, 1984) or microorganisms in
the sediments (Richardson and Marshall, 1986;
Kadlec, 1989), and (2) adsorption and precipitation
reactions with ferric iron, calcium, aluminum, sedi-
ment particles, and organic particles (Nichols, 1983;
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Watson and others, 1989; Cooke and others, 1992; Gale
and others, 1994).

To quantify the magnitude of phosphorus load-
ing to Delavan Lake from its watershed, the U.S. Geo-
logical Survey (USGS), in cooperation with the Town
of Delavan and the Wisconsin Department of Natural
Resources (WDNR), has conducted a series of investi-
gations of phosphorus transport in various components
of the Jackson Creek stream system. The purpose of
this study was to assess potential phosphorus transport
and retention processes in a constructed wetland within
the drainage basin of a eutrophic lake in southeastern
Wisconsin. The hypothesis, consistent with the concept
of nutrient retention, was that as water flows through
the wetland, a certain fraction of its phosphorus load is
retained or trapped in the system, and the amount of
such retention increases with the time of contact with
sediments and vegetation. This study tested that
hypothesis, based on two different kinds of data: (1)
from a series of experiments in a model system (meso-
cosmy), and (2) from measurements of phosphorus
inputs and outputs for the entire wetland system.

This report presents results from experiments
using mesocosms (small enclosures representing the
larger wetland), with respect to factors that affect phos-
phorus transport and retention. These results are com-
pared with data from earlier and concurrent
investigations of phosphorus inflows and outflows of
the entire Jackson Creek wetland system. Overall inter-
pretations about the processes involved in phosphorus
transport, and the implications for wetland manage-
ment are discussed.

Site Description

Delavan Lake is a major recreational lake and
sport fishery in southeastern Wisconsin. Its primary
surface-water inflow is from Jackson Creek and its two
tributaries (Jackson Creek Tributary and Jackson Creek
Tributary 2); these channels converge just upstream of
their combined outflow to the lake (fig. 1). With a com-
bined mean discharge of 0.34 m*/s, Jackson Creek and
its tributaries are the major transport channels for
external-source sediment and nutrient loadings to the
lake. In 1984-85, 95 percent of suspended sediment, 75
percent of phosphorus, 62 percent of Kjeldahl nitrogen,
and 58 percent of nitrate nitrogen entered the lake
through the Delavan Lake inlet (Field and Duerk,
1988).

Excessive algal growth, including nuisance
blooms of blue-green algae, have plagued Delavan
Lake in the past. The eutrophic condition of the lake
has been attributed to periodically heavy phosphorus
loading from both internal (within-lake) and external
sources (Field and Duerk, 1988). Successful manage-
ment of the lake to improve water quality thus depends
in part on reduction of its tributary loading. With this
goal in mind, a lake rehabilitation program (Wisconsin
Department of Natural Resources, 1989), designed in
the mid-1980's and implemented since then, included
expansion of a prairie marsh just upstream of Delavan
Lake inlet, at the confluence of the three Jackson Creek
branches (figs. 1 and 2). The primary purpose of this
wetland construction was to serve as a trap for nutrients
and suspended sediments transported to the lake by the
stream system.

Constructed in 1992, the 38-ha Jackson Creek
wetland is more than 6 times greater in area than the
natural prairie marsh that it replaced. Its catchment area
is 43 km?, or 43 percent of the total drainage area of
Delavan Lake. Eighty-nine percent of the land use in
this catchment is agricultural (row crops, grain crops,
and hay). Silty and poorly drained soils predominate in
the gently rolling terrain.

The expanded wetland includes three sedimenta-
tion basins totaling 3.6 hectares. Swales extending
from the sedimentation basins are designed to distrib-
ute water throughout the wetland, thereby inhibiting
channelization and increasing the likelihood of nutrient
and sediment retention in the system. In 1993, the plant
community in the Jackson Creek wetland was a mix-
ture of shallow-marsh and sedge-meadow species,
dominated by sedges, grasses, bulrushes, anemone,
angelica, and equisetum.
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serve not simply as consumers of the nutrient, but as
capacitors — capable of incorporation and storage dur-
ing periods of growth, and release at other times.

Abiotic Processes

Abiotic mechanisms of phosphorus retention and
release involve chemical precipitation/dissolution and
adsorption/desorption processes (Wetzel, 1983; Griff-
loen, 1994). Because these processes may proceed
whether or not biota are present, one should be able to
observe their effects in abiotic systems, unmasked by
biologically mediated transport processes. The inclu-
sion of the control and copper-treated systems in the
experiments provided opportunity for comparison of
relatively abiotic systems to systems that contained
sediment-associated biota and attached vegetation.

The chemical precipitation and sorption pro-
cesses that reduce the mobility of phosphorus in the
abiotic systems might be reversed in the event of criti-
cal chemical changes in the medium, such as major pH
shifts or transition from oxic to anoxic conditions
(Detenbeck and Brezonik, 1991). As indicated by the
results of diurnal measurements however, no such
changes occurred in the mesocosm cells; therefore, the
phase transfers for phosphorus would be primarily uni-
directional toward the particulate forms. In contrast,
the stability and mobility of biologically incorporated
phosphorus in the sediment-containing systems would
be subject to change associated with physiological and
ecological cycles in the mesocosm cells. As a result,
the experiments showed greater tendencies for phos-
phorus-concentration fluctuations in the biologically
rich systems than in the abiotic systems (figs. 4 and 5).

Organic carbon

If phosphorus release from sediments is a func-
tion of metabolic processes, and the rates of such pro-
cesses are correlated with biomass in the sediments,
then a relation between dissolved phosphorus concen-
trations and total organic carbon (TOC) in the sedi-
ments should exist. The data of table 2 provide some
evidence of such a relation. Water overlying the TOC-
rich T1 sediments consistently contained high TP con-
centrations. However, the relation is much less clear for
the other two sediments. Their TOC contents changed
substantially between Experiments 1 and 2; some, but

not complete, correspondence to these changes were
observed in TP concentrations in the overlying water.
Enhanced phosphorus transfer from sedimentary
to aqueous phase in systems with TOC-enriched sedi-
ments may be explained not only by the likely associa-
tion with the microbiological community, but also by a
number of chemical processes (Wetzel, 1983), two of
which seem most plausible in this case. The first is that
high TOC content increases the oxygen demand and
favors reducing conditions that mobilize phosphorus
associated with metal precipitates. A second possibility
applies to oxic conditions; the organic enrichment
increases phosphorus mobilization by favoring the for-
mation of sestonic and colloidal organic phosphorus.

Sedimentary phosphorus

Phosphorus speciation has been shown to be
important in many wetland systems (Elder, 1985; Rich-
ardson, 1985, 1988; Masscheleyn and others, 1992).
Particulate phosphorus may contain large proportions
of bioavailable and mobile forms (Peters, 1981; Mayer
and others, 1991), and these proportions can be esti-
mated based on analytical determinations of readily
extractable fractions (Hieltjes and Lijklema, 1980).

The rate of phosphorus transfer from solid to
aqueous phase would be expected to increase in pro-
portion to the extent to which the sedimentary phos-
phorus is mobile or loosely bound. The determinations
of phosphorus speciation in the Jackson Creek tributary
sediments (table 2) at least partially confirmed this
expectation, showing total phosphorus enrichment in
T1 sediments, the same sediments that most consis-
tently produced high phosphorus concentrations in
overlying water. Perhaps more importantly, 27% of the
phosphorus in those sediments was extractable. Sedi-
ments of the other two tributaries, with lower total P
concentrations and smaller extractable P fractions,
released diminished and more variable amounts of dis-
solved phosphorus to overlying water.

Sediment particle size

Sediment particle size is another factor that is
known to be a key control on adsorption of dissolved
constituents (Horowitz, 1991). Particle-size analyses
on the sediments from Jackson Creek revealed very
few differences in their particle-size distributions; all
sediments were sandy/loamy mixtures. Hence, the sed-
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iment types could not be distinguished by particle size,
and the data did not provide a basis for conclusions
about possible relations between particle size and
uptake or mobility of phosphorus in the system.

ANNUAL VS. SHORT-TERM
PHOSPHORUS RETENTION

The fact that net annual phosphorus retention
was observed in each of three years in the Jackson
Creek wetland (table 3) suggests that the wetland func-
tions as an effective trap for phosphorus. However, the
annual mass balances do not provide complete infor-
mation about the import/export dynamics. The month-
to-month variability (last two columns of the table 3)
was such that major net retention of phosphorus
occurred in some months and major net release
occurred in others.

Net retention on an annual time scale occurs pri-
marily because the months of high retention tend to
coincide with months of high inflow, usually in the
spring. This relation is in conflict with the expectation
that high flows would reduce phosphorus removal
because of reduced contact between water and sedi-
ments (Heikkinen and others, 1995). In this system, it
might be explained by seasonal variability in the role of
sediments in phosphorus transport: much phosphorus
associated with sediments in winter and spring is
removed with sediments settling in the wetland; while
in summer, a greater fraction of the phosphorus is dis-
solved and the settling factor becomes less important.
The net phosphorus releases during the summer,
although small because of the low flow, represented a
significant potential impact because of their timing dur-
ing the summer when vegetative growth is most active
and algal blooms in Delavan Lake are most likely.

The high annual total phosphorus retention in
water year 1994, relative to 1993 which had much
greater rainfall, might suggest that lower flows favor
increased retention. Again, further examination of the
data disproves this oversimplification. Monthly data
(not shown in the table) showed that nearly all of the
phosphorus retention of 1994 happened in the month of
February; by contrast, small but consistent P release
was observed in all months from May through October.
Furthermore, in 1995, which had even less rainfall than
1994, TP retention returned to a level similar to that of
1993.

Another factor that could account for some of the
variability in nutrient retention and release dynamics is

community structure evolution during the early succes-
sional stages of the expanded wetland. In 1993, the
Jackson Creek wetland was in its first year of develop-
ment after restoration, and the communities and inter-
species associations were not yet firmly established. As
the system proceeds through succession during the fol-
lowing years and decades, much of its structure and its
behavior, including the fluctuation between phospho-
rus uptake and release, is subject to change. Similar
changes with time have been observed in other wetland
systems (Nichols, 1983; Richardson, 1985; Richardson
and Marshall, 1986). In particular, high initial rates of
phosphorus removal by freshwater wetlands are likely
to be followed by large phosphorus exports within a
few years (Richardson, 1985).

The experimental results and field data from this
study support the concept of wetlands as nutrient reser-
voirs and transformers, rather than simply as sources or
sinks (Richardson, 1985, 1988; Elder, 1985, 1988,;
Gehrels and Mulamoottil, 1989). Because of the com-
plexity and variability of biogeochemical cycling in
wetlands, nutrient retention and release alternate in
predominance and are both important functions of the
system. Awareness of this concept may assist environ-
mental managers to avoid placing unrealistic expecta-
tions for filtering capacity of natural or constructed
wetlands.

CONCLUSIONS

The mesocosm experiments of this study gener-
ally indicated that phosphorus transport in the aqueous
phase was enhanced, not inhibited, by the presence of
sediments and vegetation from the natural wetland.
The mass balance analysis for the wetland as a whole
indicated that the system was a net importer for phos-
phorus on an annual time scale, but that periodic epi-
sodes of export can occur at critical times during the
growing season. These results do not conflict with the
general concept of nutrient retention in a wetland;
rather they demonstrate the capacity of the system to
function not only as a nutrient trap, but also, periodi-
cally, as a facilitator of nutrient transformation and
transport.

The use of mesocosms as a tool for study of
nutrient retention and mobilization in the natural sys-
tem offers a small-scale view not readily available by
whole-system analysis. It is most effective, however,
when used in combination with nutrient-budget studies
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of the ecosystem as a whole, thus providing a multi-
scale perspective.
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